The curve relatin g th e sm allest perceptible in te n sity of a blue te s t stim ulus w ith th e in ten sity of a n orange conditioning field ag ain st w hich it is view ed shows a characteristic division into low-a n d h ig h -in ten sity com ponents, in d icatin g th e o p eratio n of tw o m echanism s of cone vision a t th e fovea. The ju stificatio n for calling these 'b lu e ' an d 'g re e n ' m echanism s is ta k e n from an earlier in v estig atio n (Stiles 1939). W hile m o st su b jects show th is division clearly, for some th e low -in ten sity com ponent is m asked b y th e in tru sio n of ro d vision. The correctness of th is view is established b y m easu rem en ts m ade while th e eye is recovering from an intense light a d a p ta tio n . The in d iv id u al v ariatio n s of th e sensitivities of th e 'g re e n ' an d 'b lu e ' m echanism s in tw e n ty sub jects are assessed. F u rth e r evidence is o b tain ed of a n anom alously low th resh o ld for th e 'b lu e ' m echanism s a t v ery high conditioning fields of orange light.
I n t r o d u c t i o n
The operation of three receptor mechanisms in rod-free foveal vision can be demonstrated, and some of their properties, e.g. their spectral sensitivity curves, can be determined to a first approximation by measurements of the liminal bright ness increment (l.b.i.) under suitable conditions (Stiles 1939) .* This conclusion rests mainly on measurements for one eye. A key feature of the results was the form of the curve relating the l.b.i. to the intensity of the conditioning stimulation for a test stimulus of short wave-length (below about 510 m/p and a conditioning stimulation of long wave-length (above about 530 m/p. All such curves were found to show a ' change of law ' enabling them to be represented as the resultant of two component curves, associated respectively with the 'green' and 'blue' cone mechanisms, the former coinciding with the experimental curve at low-conditioning intensities, the latter at high. This association is justified by the way the com ponent curves are displaced with respect to the co-ordinate axes when the wave lengths of test stimulus and conditioning stimulation are independently changed. From the observed displacements it appeared that the low intensity component curve was attributable to a mechanism having maximum sensitivity at a wave length of 540 mp approx., and the high intensity component curve to one having maximum sensitivity at 445 rn.fi approx. In the present work the variation of the l.b.i. with conditioning intensity has been determined with a blue test stimulus and an orange conditioning stimulation for a group of twenty subjects. The results show a high-intensity 'blue' component in every case and in about half the cases the low-intensity 'green' component appears much as in investigation I. For some subjects, however, abnormally low values of the l.b.i. are obtained at low-conditioning intensities, suggesting th a t rod vision is playing a part. To test this point, the recovery of the eye after adapta tion to an intense white light was determined by measurements of the l.b.i. for the blue test stimulus on a dark background. The recovery curves for the subjects in question show the characteristic two stages which Hecht (1937) and others have found to be associated with retinal areas where both rod and cone mechanisms are operative. With the aid of these recovery curves, the 'green' component curves can be determined approximately for all subjects, with one doubtful case. While confirming strongly the conclusion th at the 'green' and 'blue' cone mechanisms can be separated by measurements of the l.b.i., the results reveal considerable variations among individuals both in the absolute and the relative sensitivities of the two mechanisms. In I it was observed th at at a sufficiently high intensity of an orange or red conditioning stimulation further increase produced no corre sponding increase in the l.b.i. of the ' blue' cone mechanism. From the present results it appears that this limited conditioning effect of orange or red light on the ' blue ' mechanism occurs for most subjects.
By measurements of the l.b.i. with a different choice of colours for the test and conditioning stimuli, the 'green' and 're d ' mechanisms can also be separated, although with more difficulty (I). Under the conditions of the present work, the 're d ' mechanism is not in evidence and need not be referred to again. 2 2 . E x p e r i m e n t a l d e t a i l s
The subject applied his eye to an artificial pupil and saw a circular patch of orange light of diameter 18° (the conditioning stimulation), containing at its centre four black fixation dots defining a square of 2° side (figure la). The test stimulus, a square patch of blue light of 1° side, was superposed on the orange background at the centre of the fixation square in flashes of 0-2 sec. dnce in every 1*4 sec. Its intensity was variable by the subject. The latter fixated carefully at the centre of the four black dots, and after several minutes' adaptation to the orange field adjusted the test stimulus to be on the limit of visibility. Four or more settings were made. The intensity of the conditioning stimulation was then raised and the process repeated. For the special case of zero conditioning intensity, the dark fixation dots could not be seen and were replaced by four feeble points of orange light. A complete set of observations at 12 intensities from zero upwards occupied about 2 hr., including a preliminary period of about 20 min. dark adaptation.
The lay-out of the apparatus and its mode of operation are made clear by figure 1 b and the following key:
E
Artificial pupil of diameter 2-7 mm.
Sx 500 W opal lamp run at a colour temperature of approximately 2700° K.
X Sheet of plain glass carrying four opaque spots of white paint which appeared as black dots when silhouetted against Sv When Sx was extin guished, the spots were faintly illuminated by a small lamp placed above the filters F0, FN (not shown). Fq, Fn Chance's light orange glass and gelatine neutral filters (as required).
C
Composite glass cube of 3 cm. side with half-reflecting diagonal surface.
Lx
Lens imaging the fixation points and diaphragm at infinity: power to suit subject's refractive error, 4D for emmetropic eye. 
H
Rotating sector passing the light from S2 for 0*2 sec. in every 1-4 sec.
Wx, Wy Opposed neutral wedges for varying continuously the intensity of the test stimulus. D Diaphragm containing a square aperture covered by the image of S2.
(The screening of the apparatus is not shown.)
The approximate relative energy distributions of the lights used for test and conditioning stimuli are plotted in figure 1 c. Their colours approximate to those of monochromatic lights of wave-lengths 470 and 615 m./i respectively.
For tests on the recovery of the eye, a rectangular panel (5 x 12-5 cm.) of dif fusing glass illuminated to a brightness of 770 candles/ft.2 (white light) was mounted by the side of the main apparatus. The subject stared at this panel with both eyes from a distance of about 8 cm. for 10 min. At a given moment the panel illumination was extinguished and the subject quickly transferred his eye to the aperture E and signalled as soon as the test stimulus, set at a suitable intensity, became visible. The test stimulus intensity was then considerably reduced, by the experi menter, and again the subject signalled when he could just see it, and so on. In the later stage of the recovery process the subject himself made settings to the liminal intensity. Throughout, lamp Sl was kept extinguished so th at the test stimulus appeared on a field of zero intensity.
The simpler apparatus and technique, compared with those used in I, were adopted mainly to make the tests less tiresome for the subject and to reduce the tion of ' b l u e' and 'green' mechanisms of foveal vision 421
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Wa v e -l e n g t h in m i l l i m i c r o n s (c)
F ig u r e 1 call on his time. The use of colour filters and non-Maxwellian view gives a 'cleaner' conditioning field than before, but, setting by the subject, the use of a material artificial pupil and the abandonment of the dental impression method for fixing the subject's head make for less satisfactory measurements. Details of the subjects are given in table 1. 
C u r v e s s h o w i n g t h e v a r i a t i o n o f t h e l i m i n a l b r i g h t n e s s IN C R E M E N T W IT H T H E C O N D IT IO N IN G IN T E N S IT Y
The circle points of figure 2 show the observed variation of the l.b.i. with con ditioning intensity for the writer's left eye. The cross-points are observations for this eye obtained in I* and refer to monochromatic test and conditioning stimuli of nearly the same colours as the present filtered lights. The two-component form is clearly shown by both sets of points, and the positions of the component curves along the axis of abscissae are in satisfactory agreement. Their positions along the ordinate axis would not be expected to agree precisely for three reasons:
(i) the exposure time of the test stimulus has been increased (0063-0-2 sec.); (ii) the effective wave-length of the test stimulus is slightly shorter (480-470 my approx.); (iii) the 'subject-setting' method gives slightly higher values for the l.b.i. than the 50 % probability method used in I (difference estimated at about 0*1 or 0-15 log unit). The quantitative effects of (i) and (ii) can be estimated approximately, (i) from the Blondel-Rey law (1911), (ii) from the shapes of the spectral sensitivity curves of * T h e l.b.i.
UA a n d co n d itio n in g stim u la tio n Tl7/( w ere th e n ex p ressed in en erg y h a v e b een co n v e rte d to p h o to n s b y m u ltip ly in g b y 2-18 x 105F 480 a n d 2-18 x 105F 610 resp ec tiv e ly , w here V-A is th e C .I.E . re la tiv e v isib ility fu n ctio n . T h e p h o to n is a u n it o f re tin a l s tim u la tio n : 1 p h o to n is e q u iv a le n t to 1 c a n d le /m .2 or 0-093 c a n d le /ft.2 seen th ro u g h an artificial p u p il of a re a 1 sq.m m . the 'blue' and 'green' mechanisms. Including the effect of (iii), the circle points would be expected to fall below the cross-points by about 0-2 log unit ('green' component) and 0-3 log unit ('blue' component 
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ig u r e 2. O bserv atio n s for left eye of su b je c t A (W .S.S.).
The (l.b.i./conditioning intensity) curves for the remaining nineteen subjects fall into three groups:
(a) those which can be represented as the residtant of two component curves (circle points of figure 3) ;* (b) those like (a), except that at zero intensity the l.b.i. is abnormally low (circle points of figure 4) ;* (c) those with abnormally low l.b.i. values at several of the low intensities (circle points of figure 5).* By the resultant is to be understood a curve whose value at each intensity is equal, at least to a first approximation, to the lesser of the values of the two component curves.
For several subjects in each group the l.b.i. is anomalously low at one or two of the highest conditioning intensities. The discussion of this feature of the results is postponed to § 5.
The low values of the l.b.i. obtained at low intensities in groups (6) and (c) are almost certainly caused by the intrusion of rod vision. From the measurements of the recovery curve of the eye given below an approximate estimate of the l.b.i. of true cone vision at zero intensity can be made, and the values obtained are plotted as the square points in figures 4 and 5. Observations of the l.b.i. falling materially below the square-point value are to be attributed to rod response, and if such observations are excluded the results for the subjects in groups (6) and (c) can be represented by two component curves as shown. In figure 5 the excluded points may be regarded as forming a third, rod component curve.
Loo ( in t e n sit y of c o n d i t i o n i n g S t im u l a t io n i n Photons)
F ig u r e 3. O bserv atio n s for su b je cts in g ro u p (a).
All the cone component curves drawn in figures 2-5 are obtained from a curve of fixed shape which is displaced (without rotation) to different positions in the diagram to give for each subject the best fit with the experimental points in the high-or the low-intensity range. The basic curve of fixed shape is the one derived in I for the writer's left eye ( -log E,(x) v. log x, shown as c On the whole this shape, when applied to the present measurements, is satisfactory for all subjects, but because of the comparatively short range of points on each ion of ' b l u e' and 'green' mechanisms of foveal vision 425
Loo ( INTENSITY OF CONDITIONING ■STIMULATION IN PHOTONSF ig u r e 4. O bservations for su b je cts in g ro u p (b).
component the test is not a critical one. However, the results are consistent with the view th at the curve relating the l.b.i. of cone vision to the conditioning inten sity is the resultant of two component curves of similar shape, the same for all 28-2 subjects, whose positions relative to the co-ordinate axes vary considerably from one subject to another. I t is apparent from figures 3-5 th at the changes of position are in general different for the two components, i.e. the resultant curve is not displaced bodily without change of shape.
-
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F ig tjk e 5. O bserv atio n s for su b je cts in g roup (c).
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log {conditioning s tim u la tio n in photons} F ig u r e 6. D e riv a tio n of th e se n sitiv ities o f th e m ech an ism s.
T a b l e 2 . S e n s i t i v i t i e s o f t h e ' b l u e ' a n d ' g r e e n ' --gbl = se n sitiv ity of th e 'g re e n ' m echanism to th e blue te s t stim u lu s. bbl = se n sitiv ity of th e 'b lu e ' m echanism to th e blue te s t stim ulus.
MECHANISMS FOR TW ENTY SU BJECTS (E xpressed in reciprocal photons
Gor = se n sitiv ity of th e 'g re e n ' m echanism to th e orange co n d itio n in g stim u la tio n . B or = se n sitiv ity of th e 'b lu e ' m echanism to th e orange co n d itio n in g stim u la tio n . M bl = se n sitiv ity of th e 'b lu e ' m echanism to th e blue te s t stim u lu s w hen th e co n d itio n in g stim u la tio n h as pro d u ced its m ax im u m effect.
According to I, the high-and low-intensity components are respectively the l.b.i. curves which would be obtained if the 'blue' and 'green' cone mechanisms acted alone. Thus differences in position of the component curves are to be inter preted as differences in the sensitivities of these mechanisms. Sensitivity of a mechanism to the test stimulus is defined as the reciprocal of the l.b.i. at zero conditioning stimulation, and sensitivity to the conditioning stimulation as the reciprocal of the intensity of the latter required to raise the l.b.i. to ten times its value at zero intensity. The derivation of these sensitivities for the green and blue mechanisms from the positions of the corresponding component curves is made clear by figure 6 and the values obtained for the twenty subjects are set out in table 2.
R e s u l t s : r e c o v e r y c u r v e s
If the intrusion of rod vision is responsible for very low values of the l.b.i. at low intensities, we should not expect these low values to be reached rapidly after the eye has been exposed to a high brightness because of the known slow recovery (dark-adaptation) of the rod mechanism. The recovery curves for subjects Q and I belonging to groups (c) and (b) respectively, are reproduced on the left in figures 7 and 8, and indicate th at a time of the order of 20 min. is required before the l.b.i. value previously observed at zero intensity is reached. Moreover, the curves show an initial cone phase and a later rod phase and the final l.b.i. of true cone vision is clearly defined. These final cone values are transferred as the square points in the (l.b.i./conditioning intensity) curves shown on the right in the same figures. The recovery curves for the extreme types in group (a) (subjects B and G) show the more rapid single phase recovery curve appropriate to pure cone vision (figure 9).
The recovery curves for the remaining subjects were in general similar to those just discussed although in one or two cases (particularly for subject S), the cone to rod transition is less marked and the uncertainty in fixing the true cone l.b.i. at zero intensity is greater.
There are three reasons which could account for the intrusion of rod vision for some subjects:
(i) their foveas may contain rods or, at the least, the rod-free area may be smaller than the 1° square test stimulus;
(ii) they may have failed to maintain strict foveal fixation; (iii) foveal fixation as normally understood may have been maintained but their rod-free areas may be displaced.
As regards (i), Abney & Watson (1916) found th at three out of eight subjects showed characteristic rod properties at the fovea (test light, diam. 34 min.) and were emphatic th at fixation errors were not responsible. In the present measure ments, cause (ii) was certainly operating for some subjects. With the blue test stimulus used the ratio of rod to cone sensitivities reaches its highest value and every one had difficulty in fixating at zero conditioning stimulation. Subjects K
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F ig u r e 7. R eco v ery curve a n d (l.b .i./in te n sity level) curve.
S ubject I.
Tim e i n S e c o n d s (in n S S ity) L og ( c o n d itio n /n o S t im u l a t io n in Ph o t o n s )
F ig u r e 8. R ecovery curve an d (l.b .i./in te n sity level) cu rv e.
W. S. Stiles
and O gave single phase recovery curves and did not repeat the abnormally low values of the l.b.i. at low intensities, obtained in the original (l.b.i./con(iitioning intensity) runs. On the other hand, one subject (N) gave a well-defined two-phase recovery curve, reaching lower values of the l.b.i. in the rod phase than had been obtained previously under steady conditions at zero intensity. These differences are attributable to varying success in maintaining fixation on different occasions. Cause (iii) is certainly operative for one subject T for whose retina, it is known from other work, a rod-free response at low intensities can be obtained if the direction of fixation is about |° to the left of the test stimulus.
S ubject B.
S u bject g. 77m£ //v S£conos F ig u r e 9. R eco v ery curves.
. L i m i t e d c o n d i t i o n i n g e f f e c t o f r e d l i g h t ON T H E ' B L U E ' C O N E M E C H A N ISM
In figure 2, upper curve, the l.b.i. for the highest conditioning intensity is about 0*3 log unit below' the value expected from the 'blue' component curve. This is not just a bad observation but an example of an effect consistently observed in I, th a t as the intensity of an orange or red conditioning stimulation was increased it raised the l.b.i. of the 'blue' mechanism in the normal, way to a certain value and thereafter produced no further increase. For green or blue conditioning stimulations this did not occur. The intensity available in the present apparatus was insufficient to reach the range of constant l.b.i. for the writer's eye (see lower curve of figure 2), but for several other subjects it appears to have been reached. Most of the observed l.b.i. values belonging to the high-intensity range in figures 2-5 differ from the ' blue' component curve as drawn by less than 0*1 log unit. Suppose the results of a particular subject are accepted as showing a limited conditioning effect if the observed l.b.i. at the highest intensity lies below the 'blue' component curve as drawn by 0*2 log unit or more. On this basis nine subjects show it, the effect being most marked for subject N. From the results for these cases, estimates have been made of Mbl, the reciprocal of the upper limiting value of the l.b.i. of 'blue' mechanism (see figure 6 ). The log of this quantity and of the ratio are given in table 2. Log (bbl/Mbl) takes values ranging from 0-53 to 0-97 with an average of 0-69 compared with the value 0-63 obtained in I as the mean from many curves for the writer's left eye.
It appears therefore th at limited conditioning sets in when the conditioning stimulation is sufficient to raise the log (l.b.i.) of the 'blue' mechanism by about 0-7 log unit. From the shape of the standard component curve it is readily deter mined th a t if L and N are the conditioning intensities required to raise the l.b.i. of the 'blue' mechanism by 1-0 and 0*7 respectively, then log N log 0-45. We should not expect to observe limited conditioning if log N exceeds 4-00, the log of the maximum conditioning intensity used in the measurements. But by definition log Bor = log (1/L) = -log L, so that log A >4-00 is equivalent to log _Bor< 5-55. From the values of log Bor given in table 2, it is seen th at none of the subjects for whom log jBor< 5-55 shows limited conditioning in the present tests, although two (A and K) are known from other work to show it at higher intensities. Of the thirteen subjects for whom log Bor > 5-55, nine show the effect 9 + 2 = 11 subjects out of 13 + 2 = 15 are known to show limited conditioning (about 3 in 4), while the remaining five subjects would not be expected to show it in the present measurements.
The anomalously low l.b.i. values at high intensities are regarded as a special property of the 'blue' mechanism and not as the initial part of the component curve of an additional mechanism. The reasons for this view are given in I.
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I n d i v i d u a l v a r i a t i o n s i n t h e s e n s i t i v i t i e s o f
THE ' b l u e ' AND ' g r e e n ' MECHANISMS
In figure 10 the sensitivity to the test stimulus is plotted against the sensitivity to the conditioning stimulation for each subject and for the two mechanisms. The total range of variation and the standard deviations of the log sensitivities have the following values:
to ta l ran g e sta n d a rd d ev iatio n log g"i 1-2 0-28 log Gor 1-2 0-31 log bbl 1-3 0-34 log B or 2-3 0-60
Log (S e n s it iv it y to the c F ig u r e 10 (i)
The spread arises in part from uncertainty in fitting the component curves to the observations, in part from a true individual variation which appears to be greatest for Bor. For the ' green ' mechanism there is a weak correlation of the two sensi tivities log gbl and log Gor but for the 'blue' mechanism there is no correlation.
The following points are illustrated in figure 11: (i) log bbl v. log gbl. The sensitivities to the test stimulus tend to increase together and proportionally for the two mechanisms but subject S appears to be exceptional in this respect (figure 11a).
(ii) log Bor v. log Gor. The sensitivities to the conditioning stimulation show a slight tendency to increase together but not proportionally (figure 116).
(iii) log gbl v. log Bor and log bbl v. log Gor. No correlation (not reproduced).
(iv) log (Bor/bbl) v. log (Gor/gbl). These log ratios tend to increase together but not proportionally (figure 11c).
(jB IG ) (v) log I tends to increase proportionally with log Bor (figure 11 but shows no correlation with log bbl, log Gor or log gbl.
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The quantity log j --/ -} is of some interest as for monochromatic test and l bbi I 9 b u conditioning stimuli it would remain unchanged if the subject made all his obser vations through a colour filter of arbitrary spectral transmission and this fact was ignored in working out the results so th at the filter was treated as part of the eye. If such a colour filter had transmissions tor and tbl for the orange and blue lights, it is clear th at the observed sensitivities would become Bortor, Gortor, bbltbh respectively, but we should have
The effective widths of the spectrum bands corresponding to the present nonmonochromatic stimuli are small and it may fairly be concluded from the wide variation of that individuals differ in a way which cannot be assimilated to selective absorption by a pigment layer. The outstanding feature in the above correlations, which are not of course all independent, is the large and dominating variation of log Bor, the sensitivity of the ' blue ' mechanism to orange light.
1. Measurements of the liminal brightness increment show for all subjects the operation of two cone mechanisms ('green' and 'blue') in foveal vision.
2. For some subjects, rod vision intrudes at low intensities, but this difficulty can be dealt with by determining the cone l.b.i. before the rods have had time to recover from intense light adaptation.
3. Individual variations are most marked in the sensitivity of the 'blue' cone mechanism to orange light.
4. Most subjects give evidence of a limited conditioning effect of orange light on the 'blue' cone mechanism.
The work described above has been carried out as part of the research programme of the National Physical Laboratory and this paper is published by permission of the Director.
